Abbreviations Used Are: ABC, ATP-binding cassette; Asbt, apical sodium-dependent bile acid transporter; ATP7b, ATPase 7b; ATP8b1, ATPase 8b1; Bcrp, breast cancer resistance protein; Bsep, bile salt export pump; Cnt, concentrative nucleoside transporter; Dmt1, divalent metal transporter 1; Ent, equilibrative nucleoside transporter; Mate1, multidrug and toxin extrusion 1; Mct8, monocarboxylate transporter 8; Mdr, multidrug resistance; Mrp, multidrug resistance-associated protein; Npc1L1, Niemann-Pick C1-Like 1; Ntcp, sodium taurocholate cotransporting polypeptide; Oat, organic anion transporter; Oatp, organic anion transporting polypeptide; Oct, organic cation transporter; Ost, organic solute transporter; Pept, peptide transporter; PFIC, progressive familial intrahepatic cholestasis; Slc, solute carrier; Urat1, uric acid transporter 1; Znt, zinc transporter.
As the site of oral absorption, the intestine has high expression of various uptake transporters ( Fig. 1 ) facilitating the absorption of structurally diverse substrates. Uptake transporters enriched on the apical membrane of enterocytes include peptide transporter 1 (Pept1, Slc15a1), concentrative nucleoside transporters (Cnt) Cnt1 (Slc28a1) and Cnt2 (Slc28a2), organic cation transporter n1 Octn1 (Slc22a4), organic anion transporting polypeptides (Oatp, Slco), cholesterol transporter Niemann-Pick C1-Like 1 (Npc1L1), apical sodium-dependent bile acid transporter (Asbt, Slc10a2), as well as divalent metal transporter 1 (Dmt1, Slc11a2). As the first barrier against xenobiotics, the intestine has high expression of efflux transporters on the apical membrane of enterocytes, including multidrug resistance 1 (Mdr1, Abcb1), multidrug resistance-associated protein 2 (Mrp2, Abcc2), breast cancer resistance protein (Bcrp, Abcg2), ATP-binding cassette (Abc) g5, and Abcg8. On the basolateral membrane of enterocytes, efflux transporters Mrp3 (Abcc3), organic solute transporter (Ost) alpha and beta, cholesterol transporter Abca1, and equilibrative nucleoside transporter 1 (Ent1, Slc29a1) are highly expressed.
Apical Uptake Transporters in Intestine
Pept1 is predominantly expressed in small intestine, responsible for intestinal absorption of di-and tri-peptides as well as various peptide-like drugs, including -lactam antibiotics (eg, penicillin, ceftibuten and cefadroxil), angiotensin converting enzyme inhibitors (e.g. captopril, enalapril, or benazepril), renin inhibitors (S 86,2033 and S 86,3390) , thrombin inhibitors (e.g. CRC 220), the aminopeptidase inhibitor bestatin, and certain nonpeptidyl substrates (e.g. the monoamine oxidase inhibitor 4-aminophenylacetic acid, amino acid ester prodrugs of acyclovir and zidovudine). Cnt1 and Cnt2 transport endogenous substrates such as adenosine, thymidine, cytidine, guanosine, uridine, inosine and hypoxanthine. Cnts facilitate Na + -dependent uptake of nucleosides into cells against concentration gradients, with high affinity for their natural substrates. Cnt1 preferentially transports pyrimidine-nucleosides; Cnt2 preferentially transports purine-nucleosides. Many pharmaceutically important anticancer and antiviral drugs are nucleoside or nucleobase analogs; most of them are hydrophilic and cannot freely cross the plasma membrane. Thus, these drugs need nucleoside transporters for cellular uptake, such as 5-fluorouridine, 5-fluoro-2 -deoxyuridine, arabinosylcytosine, zidovudine, cladribine, diethyldithiocarbamate, 2',3'-dideoxyinosine, fludarabine, gemcitabine, melarsoprol, pentamidine, zalcitabine, and zebularine.
Octn1 is a pH-dependent and Na + -independent multi-specific transporter mediating transport of a variety of structurally diverse organic cations (e.g. desipramine, dimethylamiloride, cimetidine, procainamide, and verapamil). OATP1A2 (SLCO1A2) is present in human intestine (and Oatp2b1 in mouse intestine) and may be responsible for intestinal uptake of diverse chemicals; however, limited data is available regarding its relevance.
The cholesterol transporter Npc1L1 is enriched in the brush border membrane of enterocytes in the small intestine of humans and rodents. In humans, rare variants in NPC1L1 are associated with reduced sterol absorption and plasma low-density lipoprotein levels (Cohen et al. 2006) . Consistently, Npc1L1-null mice have a marked decrease in intestinal absorption of cholesterol and phytosterols (Altmann et al. 2004; Davis et al. 2004) , and are completely resistant to diet-induced hypercholesterolemia (Davis et al. 2004) . Thus, Npc1L1 is essential for intestinal uptake of both cholesterol and phytosterols, and is important in cholesterol homeostasis. Ezetimibe, a drug used to treat hypercholesterolemia in patients, is an Npc1L1 inhibitor.
Bile acids play key roles in maintenance of bile flow, absorption of lipids, and disposition of lipophilic endobiotics and xenobiotics. Over 95% of bile acids secreted into bile are reabsorbed through highly regulated transport systems in liver and GI tract. In humans, missense mutations of ASBT at conserved amino acid positions, L243P and T262M are 6 associated with primary bile acid malabsorption (Oelkers et al. 1997) . Studies in Asbt-null mice demonstrate that Asbt is essential for efficient intestinal absorption of bile acids (Dawson et al. 2003) . Thus, inhibition of Asbt is a potential target for cholesterol-lowering drugs.
Studies in rats carrying a mutation in Dmt1 showed that it is essential for intestinal absorption of iron (Ferguson et al. 2003) . Patients with DMT1 mutations have hypochromic anemia (Priwitzerova et al. 2005 ; DMT1 is believed to mediate the absorption of lead and cadmium. Thus, intestinal induction of DMT1 during iron deficiency will increase the absorption of the toxic cadmium (Park et al. 2002) .
Apical Efflux Transporters in Intestine
Mdr1, also known as P-glycoprotein, was the first identified efflux transporter due to its prominent role in mediating resistance of cancer cells to various cytotoxic anticancer drugs.
Studies in Mdr1a/1b double-null mice demonstrate that Mdr1 at intestinal and blood-brain barriers critically protects against xenobiotics (Schinkel et al. 1997; Schinkel et al. 1995 sometimes lethal phototoxic lesions on light-exposed skin (Jonker et al. 2002) . Bcrp protects cells from hypoxia-induced injury through preventing intracellular accumulation of heme (Krishnamurthy et al. 2004) , and Bcrp-null mice have protoporphyria (Jonker et al. 2002) .
Thus, subjects with low/absent BCRP activity may be at increased risk of developing protoporphyria and diet-dependent phototoxicity.
Abcg5 and Abcg8 are half transporters, forming heterodimers with each other to efflux phytosterols (plant sterols) and cholesterol out of intestine and liver. In patients with sitosterolemia (a rare inherited plant-sterol storage disease), mutations in either ABCG5 or ABCG8 lead to increased blood concentration of phytosterols. Abcg5 and Abcg8 knockout mice have elevated blood levels of phytosterols and accumulate phytosterols in brain . Selected dietary plant sterols disturb cholesterol homeostasis by affecting two critical regulatory pathways of lipid metabolism. Thus, Abcg5 and Abcg8 play a key role in protecting against disruption of cholesterol homeostasis by dietary plant sterols.
Basolateral Efflux Transporters in Intestine
Mrp3 has been shown to be able to transport certain bile acids; however, results from Mrp3-null mice showed that Mrp3 is not essential for intestinal reabsorption of bile acids (Belinsky et al. 2005) . Instead, Ost and Ost form heterodimers and transport major bile acids (Ballatori 2005; Dawson et al. 2005) . Thus, Ost and Ost are the putative bile-acid transporters responsible for effluxing the reabsorbed bile-acids back into the blood;
nevertheless, the exact function of Ost in enterohepatic circulation of bile acids needs to be confirmed in knockout mice. Additionally, Abca1 is a cholesterol efflux transporter enriched on the basolateral membrane of enterocytes. Studies of Abca1-null mice showed that Abca1 is essential for intestinal absorption and whole-body metabolism of cholesterol (Drobnik et al. 2001) . Additionally, the bi-directional nucleoside transporter Ent1 is proposed to be responsible for pumping the absorbed nucleosides back into blood; however, no in vivo data have been reported.
II. Transporters in Liver
In liver, uptake transporters play a key role in hepatic uptake and clearance of xenobiotics absorbed by the intestine, a process contributing to hepatic first-pass. Uptake transporters expressed highly on the basolateral membrane of hepatocytes include the liverspecific bile-acid transporter Na(
liver-specific Oatp1b (OATP1B1 and 1B3 in humans and Oatp1b2 in rodents), Oatp1a
(Oatp1a1 and 1a4 in rodents and OATP1A2 in human cholangiocytes), Oct1 (Slc22a1), organic anion transporter 2 (Oat2, Slc22a7), and Ent1 (Fig. 2) . ATP8b1 is an aminophospholipid flippase localized to the apical membrane of hepatocytes and cholangiocytes. Canalicular transporters are responsible for biliary excretion of chemicals.
Transporters expressed highly on the canalicular membrane include Mrp2, Bcrp, multidrug and toxin extrusion 1 (Mate1, Slc47a1), bile salt export pump (Bsep, Abcb11), Mdr2 (Abcb4), Abcg5, Abcg8, and ATP7b. Efflux transporters Mrp3, Mrp6 (Abcc6), and Abca1 are present at high levels on the basolateral membrane of hepatocytes, responsible for efflux of substrates back into the blood, a process called "retro-transport".
Basolateral Uptake Transporters in Liver
Uptake studies demonstrate that a major portion of bile-acid uptake by hepatocytes is Na + -dependent, and the liver-specific Ntcp transports all major bile acids (mainly conjugated bile acids) in a Na + -dependent manner. Thus, Ntcp is considered a major transporter responsible for hepatic uptake of bile acids. Nevertheless, Oatps are proposed to be responsible for the Na + -independent portion of uptake of bile acids into hepatocytes. Oatps transport a wide variety of amphipathic organic compounds, such as bile acids, steroid conjugates, thyroid hormones, anionic oligopeptides, drugs, toxins, and other xenobiotics . However, different from MRP efflux transporters, the Oatp1a subfamily in rodents generally does not have orthologs in humans. Nevertheless, the rodent liver-specific basolateral uptake transporter Oatp1b2 (Slco1b2), previously known as Lst-1 or Oatp4, has the human orthologs OATP1B1 and OATP1B3 . In vitro studies show that phalloidin, a toxic bicyclic peptide from the toxic mushroom Amanita phalloides, is a specific substrate for rat Oatp1b2 as well as human OATP1B1 and OATP1B3 (Meier-Abt et al. 2004) . Consistent with the in vitro studies, our in vivo study shows that Oatp1b2-null mice are completely resistant to phalloidin-induced hepatotoxicity; in contrast, Oatp1b2-null and wild-type mice are similarly susceptible to hepatotoxicity induced by -amanitin, a structurally similar bicyclic peptide responsible for the oral toxicity of Amanita phalloides in humans (unpublished results). Interestingly, in vitro studies indicate that the bileacid transporter Ntcp transports -amanitin (Gundala et al. 2004) . Thus, Oatp1b2 and OATP1B1/1B3 appear to have unique substrate specificity and physiological functions in liver, and the bile-acid transporter Ntcp may also be responsible for hepatic uptake of certain xenobiotics.
The polyspecific organic cation transporters Oct1, 2, and 3 transport various structurally diverse organic cations, including many drugs, toxins, and endogenous compounds; of them, only Oct1 is expressed at appreciable levels in liver. Consequently, relative to wild-type mice, Oct1-null mice have marked decreases in hepatic uptake of cationic compounds including tetraethylammonium (a model organic cation), anticancer drug metaiodobenzylguanidine, and the neurotoxin 1-methyl-4-phenylpyridium (Jonker et al. 2001 ). The organic anion transporters Oat1-5 are predominantly expressed in renal proximal tubules; however, Oat2 (Slc22a7) is also expressed in liver, and is thus postulated to be responsible for hepatic uptake of various organic anions, such as ochratoxin A and clinically important drugs (e.g. 5-fluorouracil and paclitaxel).
The bi-directional nucleoside transporter Ent1 (Slc29a1) is the only member of nucleoside transporters that is expressed at appreciable levels in mouse liver; however, the precise role of Ent1 in hepatic pathophysiology remains unknown.
Apical Flippase in Liver
Flippases are located in the membrane helping the movement of phospholipid molecules between the two leaflets that compose the plasma membrane. The flippase ATP8b1 translocates aminophospholipids from the outer to the inner leaflet of the apical membrane of hepatocytes and cholangiocytes. Humans with mutations in ATP8B1 develop type-1 progressive-familial-intrahepatic cholestasis (PFIC1). Interestingly, PFIC1 patients have hepatic down-regulation of BSEP, which may partially explain the similar phenotypes between PFIC1 and PFIC2 (mutation in BSEP). ATP8b1-mutant mice have decreased biliary secretion of bile acids but increased biliary secretion of phosphatidylserine, cholesterol, and ectoenzymes (Paulusma et al. 2006) .
Basolateral Efflux Transporters in Liver
Mrp3 has been shown to transport bile acids in vitro. After bile-duct ligation, Mrp3-null mice have lower blood levels of bilirubin glucuronides and higher hepatic levels of bile acids relative to wild-type mice (Belinsky et al. 2005) , indicating important roles of Mrp3 in retrotransporting bilirubin glucuronides and bile acids. Our previous studies showed that chemical induction of hepatic Mrp3 in rats markedly shifted the disposition of acetaminophen from biliary to urinary excretion (Gregus et al. 1990; Slitt et al. 2003) . Conversely, Mrp3-null mice have markedly increased biliary excretion and decreased urinary excretion of acetaminophen and morphine glucuronides (Manautou et al. 2005; Zelcer et al. 2005) . Thus, Mrp3 appears to play a key role in retro-transporting glucuronides from liver into blood and thus increasing their urinary excretion.
Mrp4 (Abcc4) is expressed highest in kidney and transports various substrates such as steroid glucuronides, folates, cAMP, cGMP, bile acids, and prostaglandins. Although the basal expression is low in liver, Mrp4 is induced in Mrp2-null mice and mice with cholestasis.
After bile-duct ligation, Mrp4-null mice have intrahepatic accumulation of bile acids and more severe liver injury (Mennone et al. 2006) , indicating an important role of Mrp4 as a backup system to transport bile acids out of liver back into blood.
Mutations of the MRP6 (ABCC6) gene are implicated in the etiology of pseudoxanthoma elasticum and its vascular complications in humans. Mrp6-null mice develop mineralization of connective tissues, a phenotype similar to that in humans (Klement et al. 2005) . Mrp6 transports small peptides such as the endothelin receptor antagonist BQ123. Interestingly, although Mrp6 mRNA and protein are expressed highest in liver, Mrp6-null mice do not have liver disease. It has been proposed that the complex disease pseudoxanthoma elasticum may be due to a metabolic disorder at the environment-genome interface.
Mice with hepatocyte-specific knockout of Abca1 have markedly decreased blood levels of total and HDL cholesterol relative to wild-type mice, and Abca1-null hepatocytes lost apoA-I-dependent capacity of effluxing cholesterol and phospholipid, demonstrating a critical role of hepatic Abca1 in effluxing lipid into blood and in maintaining the circulation of mature HDL particles (Timmins et al. 2005) .
Canalicular Efflux Transporters in Liver
Patients with Dubin-Johnson syndrome have mutations in MRP2 and resultant conjugated hyperbilirubinemia. It is generally accepted that reduced glutathione and most GSH conjugates of xenobiotics are excreted into bile by the MRP2-mediated pathway. Mrp2-null mice have a marked decrease in biliary excretion of reduced glutathione, but only a moderate decrease in bilirubin glucuronides, and they only develop mild hyperbilirubinemia . After oral administration, plasma values of the food-derived carcinogens 2-amino-1-methyl-6-phenylimidazo [4,5-b] pyridine (PhIP) and 2-amino-3-methylimidazo[4,5-f]quinoline (IQ) were 1.9-and 1.7-fold higher in Mrp2-null mice versus wild-type mice . Mrp2 was thought to mainly transport organic anions;
however, a recent study in Mrp2-null mice shows that Mrp2 is essential in biliary excretion of paclitaxel, a highly lipophilic anticancer drug , suggesting that Mrp2 may also be important in determining the pharmacokinetics of highly lipophilic anticancer drugs.
Sulfate and glucuronide conjugates are organic anions effectively excreted into bile by Mrp2 and Bcrp. In rats, sulfate and glucuronide conjugates are excreted into bile predominantly by Mrp2, whereas mouse Bcrp mediates biliary excretion of sulfate metabolites, and mouse Bcrp also plays a major role in biliary excretion of glucuronide metabolites (Zamek-Gliszczynski et al. 2006) , which may explain the mild, rather than severe, hyperbilirubinemia in Mrp2-null mice.
The recently cloned transporter Mate1 is primarily expressed on the apical membrane of hepatic canaliculi and renal proximal tubules. Cellular studies show that Mate1 mediates H(+)-coupled electroneutral exchange of classical organic cations, such as tetraethylammonium and 1-methyl-4-phenylpyridinium (Otsuka et al. 2005) . Thus, Mate1 appears to be the exporter for biliary and urinary excretion of cationic toxins.
Bsep is the primary bile-acid efflux transporter responsible for biliary excretion of bile acids. Humans with BSEP mutations have severe PFIC2, and BSEP mutations are associated with hepatocellular carcinoma in young children 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 acids is 30% of normal (Wang et al. 2001) , in contrast to <1% bile-acid secretion in PFIC2 patients. In Bsep-null mice, relative to wild-type mice, biliary secretion of cholic acids dramatically decreases, and cholic acid feeding results in more severe cholestasis and liver injury (Wang et al. 2003) . Further studies show that Mdr1, which is expressed at low levels in normal liver, is markedly induced in Bsep-null mice, and Mdr1 is able to transport bile acids in vitro with a 5-fold lower affinity compared to Bsep (Lam et al. 2005) Gene knockout studies show that both Abcg5 and Abcg8 are essential for the biliary secretion of cholesterol (Klett et al. 2004) . However, in Mdr2-null mice, Abcg5/g8 are unable to transport cholesterol into bile (Langheim et al. 2005) , illustrating the intimate relationship between phospholipid and cholesterol secretion.
Copper is an essential trace element that plays a very important role in cell physiology.
The Wilson disease gene ATP7b encodes a copper efflux transporter expressed predominantly in liver and to a lesser extent in most other tissues. Excess intracellular copper triggers the translocation of ATP7b protein from trans-Golgi network to the pericanalicular vesicles, where it sequesters copper in vesicles, which subsequently undergo exocytosis, releasing copper across the canalicular membrane (Cater et al. 2006) . Humans with a mutated ATP7B have marked hepatic accumulation of copper and develop liver cirrhosis and neurological problems, which has been reproduced in ATP7b-null mice (Buiakova et al. 1999 ).
III. Transporters in Kidney
Kidney plays a key role in urinary secretion and reabsorption of endogenous chemicals and/or xenobiotics, and is thus very rich in transporters (Fig. 3) . Proximal tubules are the major site of secretion and reabsorption, where basolateral uptake transporters Oat1(Slc22a6), Oat3 (Slc22a8), Oct1, Oct2 (Slc22a2), and Oatp4c1 (Slco4c1) are responsible for transporting organic anions and cations from blood into tubular cells, whereas apical efflux transporters Mrp2, Mrp4, Mate1, Bcrp, and Mdr1 transport these organic anions and cations into urine for urinary secretion. On the apical membrane of proximal tubules, uptake transporters Oatp1a1, 1a4, 1a6, 2a1, 2b1, 3a1, Oat2 (Slc22a7), Oat5 (Slc22a10), urate transporter 1 (Urat1, Slc22a12), Octn1, Octn2 (Slc22a5), Cnt1, Pept2 (Slc15a2), Asbt, and type II Na(+)-Pi cotransporter (Npt2, Slc34a1) reabsorb chemicals filtered through glomeruli back into tubule cells, whereas basolateral efflux transporters Ost , Ost , Mrp1 (Abcc1), Mrp3, Mrp5 (Abcc5), Mrp6, Ent1, and Ent2 transport these reabsorbed chemicals back into the blood.
Basolateral Uptake Transporters in Kidney
Oat1 and Oat3 are localized on the basolateral membrane, responsible for tubular uptake in renal proximal tubules. Despite the lack of morphological changes in Oat1-null and Oat3-null mice, there are considerable alterations in renal uptake and/or secretion of organic anions in these two knockout mice. In Oat1-null mice, loss of renal uptake of furosemide 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 results in impaired diuretic responsiveness to this drug, and several endogenous organic anions display higher plasma concentrations and/or lower urinary concentrations (e.g. 3-hydroxyisobutyrate, 3-hydroxybutyrate, 4-hydroxyphenyllactate, benzoate, 2-hydroxy-3-methylvalerate, 3-hydroxypropionate, and N-acetylaspartate), suggesting the physiological role of Oat1 in transporting these compounds (Eraly et al. 2006) . Additionally, OAT1 has been implicated in renal uptake of 2,4-dichlorophenoxyacetate, an anionic herbicide, in humans (Nozaki et al. 2007 ). In Oat3-null mice, renal uptake of taurocholate, estrone sulfate, and para-aminohippurate are greatly decreased (Sweet et al. 2002) .
Oct1 and Oct2 are localized to the basolateral membrane of proximal tubules, responsible for renal uptake of cationic compounds, and they have largely overlapping substrate specificities. Consequently, knockout of either Oct1 or Oct2 has minimal effect on urinary excretion of cationic chemicals; however, knockout of both Oct1 and Oct2 completely abolishes renal secretion of tetraethylammonium and substantially increases its blood concentration (Jonker et al. 2003) .
Currently, Oatp4c1 is the only member of the Oatp family found to be expressed on the basolateral membrane of proximal tubules in humans and rodents. Oatp4c1 transports cardiac glycosides, thyroid hormone, cAMP, and methotrexate in vitro (Mikkaichi et al. 2004 ).
Thus, Oatp4c1 may be important in transporting these chemicals into tubules.
Apical Efflux Transporters in Kidney
Mrp2 and Mrp4 are members of the Mrp family enriched on the apical membrane of proximal tubules, and they have overlapping substrate specificity. p-Aminohippurate (PAH) is the classical substrate used to characterize organic anion transport in kidney. Although both Mrp2 and Mrp4 are able to transport PAH, Mrp4 is expressed at higher levels and has higher affinity for PAH than Mrp2. Moreover, renal excretion of PAH in isolated perfused kidneys from wild-type and Mrp2-deficient TR -rats is not different (Smeets et al. 2004) . Thus, relative to Mrp2, Mrp4 may play a more important role in renal secretion of certain organic anions.
Mrp4 transports various substrates such as steroid glucuronides, folates, cAMP, cGMP, bile acids, and prostaglandins. Mrp4-null mice have lowered urinary excretion of diuretics (hydrochlorothiazide and furosemide) as well as anti-viral drugs (adefovir and tenofovir) (Hasegawa et al. 2006; Imaoka et al. 2006 ).
Mate1, highly expressed in the proximal tubules, may be responsible for renal secretion of organic cations that are taken up into the proximal tubules by the basolateral Oct1 and Oct2 transporters. Bcrp is expressed at the highest levels in rodent kidney. In Bcrpnull mice, urinary excretion of 6-hydroxy-5,7-dimethyl-2-methylamino-4-(3-pyridylmethyl)
benzothiazole (E3040, a thromboxane synthase inhibitor) decreased 60%, whereas urinary excretion of another sulfate, 4-methylumbelliferone sulfate, was not impaired (Mizuno et al. 2004 ). Thus, Bcrp is important in renal secretion of certain organic sulfates in mice; however, other transporters, such as Mrp2 and Mrp4, are also involved. It is noteworthy that although Bcrp is highly expressed in rodent kidneys, its expression is very low in human kidneys (Hilgendorf et al. 2007 ). Therefore, Bcrp may not be important in urinary excretion of xenobiotics in humans.
Renal expression of Mdr1 is restricted to the apical membrane of proximal tubules. Pglycoprotein substrates rhodamine 123 and digoxin accumulate in the proximal tubular epithelial cells of kidney from Mdr1a/1b(-)(-) mice (Tsuruoka et al. 2001) , indicating the importance of Mdr1 in renal secretion of xenobiotics that are Mdr1 substrates.
Apical Re-Uptake Transporters in Kidney
Almost all the nutrients filtered through glomeruli need to be reabsorbed by apical uptake transporters. Oatps, such as Oatp1a1, 1a4, 1a6, 2a1, 2b1, and 3a1 may be responsible for reabsorption of organic anions. For example, it is proposed that the malepredominant renal expression of Oatp1a1 is responsible for the < 1% urinary clearance of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 k1/k2, and the urate transporter Urat1, four members of the Oat family, are highly expressed on the apical membrane of renal proximal tubules in rodents. In vitro studies show that Oat5 transports the mycotoxin ochratoxin A, as well as endogenous chemicals such as estrone sulfate and dehydroepiandrosterone (Youngblood and Sweet 2004) . The kidney-specific transporters Oat-k1/k2 (identified in rats) transport various organic anions bidirectionally (Masuda 2003) ; interestingly, they share 65.8% homology with human OATP1A2, which has wide tissue distribution. Urat1 is responsible for renal reabsorption of urate. Patients with idiopathic renal hypouricaemia have defects in URAT1 (Enomoto et al. 2002) . The organic cation/carnitine transporter Octn2 is predominantly expressed in proximal tubules, responsible for renal reabsorption of carnitine and cationic drugs (e.g. verapamil, spironolactone, mildronate, and certain beta-lactam antibiotics); mutation of the Octn2 gene in humans and mice results in excessive urinary loss of carnitine, systemic carnitine deficiency, and disorder of fatty acid oxidation (Lahjouji et al. 2001 ). Cnt1 and Pept2 are responsible for tubular reabsorbance of nucleosides, di-/tri-peptides, and xenobiotics that are their structural analogs, respectively. In Pept2-null mice, renal reabsorption of glycylsarcosine, the prototypical Pept substrate, was almost abolished, resulting in lower systemic levels of glycylsarcosine (Ocheltree et al. 2005) . Phosphate transporter Npt2 is expressed predominantly on the apical membrane of proximal tubules, responsible for renal reabsorption of filtered phosphate. Npt2-null mice have marked urinary elimination of phosphate, hypophosphatemia, and elevation in the blood levels of 1,25-dihydroxyvitamin D and calcium (Beck et al. 1998) . Interestingly, Npt1, another member of the phosphate transporter, is able to transport beta-lactam antibiotics (e.g. benzylpenicillin, faropenem, and foscarnet). In rats, treatment with foscarnet (phosphonoformic acid), an Npt2 inhibitor, 
Basolateral Efflux Transporters in Kidney
On the basolateral membrane of proximal tubules, Ost / are the putative bile-acid transporters responsible for pumping the reabsorbed bile-acids (by Asbt) back into the blood.
Mrp1, 3, 5, and 6 may transport organic anions from proximal tubules back into the blood;
however, their exact function in the kidney awaits further investigation. Additionally, bidirectional nucleoside transporters Ent1 and Ent2 may transport the reabsorbed nucleosides back into the blood.
Transporters in Other Tissues
Apart from liver, kidney, and intestine, transporters also play important roles in the transport of endogenous chemicals and xenobiotics in blood-tissue barriers residing in the brain, testes, and placenta.
Transporters in Brain.
Mdr1 (P-glycoprotein), expressed highly in the endothelial cells of brain capillaries, is a key component of the blood-brain barrier against xenobiotic insult to the brain. In the choroid plexus, Mrp1, Mrp4, and Pept2 are highly expressed (Choudhuri et al. 2003) . Mrp1 transports conjugated organic anions (e.g. leukotriene C4 and GSH S-conjugates of prostaglandin A2) and cytotoxic hydrophobic peptides (de Jong et al. 2001 ). Mrp1 protects the choroid plexus epithelium and contributes to the bloodcerebrospinal-fluid barrier (Wijnholds et al. 2000) . In addition to choroid plexus, Mrp4 is also expressed in the apical membrane of endothelial cells of brain capillaries; Mrp4-null mice treated with the anticancer drug topotecan have increased levels of topotecan in the brain (Leggas et al. 2004 ). Pept2-null mice have a marked decrease in uptake of dipeptides into choroid plexus (Ocheltree et al. 2005; Shen et al. 2003) . Additionally, Oat3 is moderately 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 expressed in choroid plexus, and Oat3-null mice have a marked decrease in uptake of fluorescein in choroid plexus (Sweet et al. 2002) .
In the brain, ethanol consumption decreases the expression of Ent1, which transports adenosine as well as nucleosides and nucleoside analogs. Ent1-null mice have decreased hypnotic and ataxic responses to ethanol and increased consumption of alcohol compared to their wild-type littermates; such phenotype is attenuated by an adenosine receptor agonist, indicating an important role of Ent1 in regulating adenosine signaling and ethanol consumption/behaviors in the brain (Choi et al. 2004 ).
Human OATP1C1 (SLCO1C1) and mouse Oatp1c1 proteins share 83.5% homology.
Oatp1c1 has a high affinity and specificity for thyroxine (T4), and is expressed predominantly in capillaries throughout the brain (Tohyama et al. 2004) . Thus, Oatp1c1 is proposed to be essential for transport of T (4) Zinc is an essential trace element that plays a very important role in cellular functions.
Zinc transporter 3 (Znt3, Slc30a3) resides on synaptic vesicle membranes of zinc-containing neurons; knockout of Znt3 eliminates zinc from synaptic vesicles in the intact mouse brain (Cole et al. 1999) . Znt3-null mice have a marked decreased plaque load and less insoluble beta amyloid in the brain; thus, endogenous zinc transported by Znt3 may contribute to the accumulation of amyloid plaques in Alzheimer's disease (Lee et al. 2002) .
Page 19 of 40
Toxicological Sciences   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Transporters in Testes. Mrp1 and Mrp9 are highly expressed in testes (Maher et al. 2005 ).
Mrp1-null mice are susceptible to testicular damage induced by the anticancer drug etoposide-phosphate (Wijnholds et al. 1998) . Currently, the physiological function of the testis-specific Mrp9 remains unknown. The third organic cation/carnitine transporter Octn3 is almost exclusively expressed in testis; the physiological importance of Octn3 in the testis awaits further investigation. Additionally, members of the Oatp superfamily (Oatp6b1, Oatp6c1, and Oatp6d1) are exclusively expressed in testes (Suzuki et al. 2003) ; they are thought to be responsible for testicular uptake of dehydroepiandrosterone and its sulfates, precursors of in vivo androgen and, thus, estrogen biosynthesis.
Transporters in Placenta.
Placental transporters play important roles in handling of xenobiotics across the maternal-fetal interface. In a study of placental expression of transporters, 16 transporters, namely Mdr1a and 1b, Mrp1 and 5, Oct3 and Octn1, Oatp1a5
(Slco1a5) and Oatp4a1 (Slco4a1), Dmt1, zinc transporter 1 (Znt1, Slc30a1), Atp7a, Atp7b, prostaglandin transporter, Abcg8, Ent1, and Ent2, are expressed in placenta at concentrations similar to or higher than in maternal liver and kidney in rats (Leazer and Klaassen 2003) . Additionally, Bcrp is highly expressed in human placenta and has been implicated as a placental survival factor (Evseenko et al. 2007) . After intravenous administration of P-gp substrate drugs to the pregnant dams, Mdr1a/1b double-null fetuses have marked higher levels of digoxin, saquinavir, or paclitaxel than wild-type fetuses,
indicating an essential role of Mdr1 in limiting fetal penetration of various potentially harmful or therapeutic compounds (Smit et al. 1999) . Znt1-null mice die in utero, which cannot be rescued by manipulating maternal levels of zinc, indicating a key role of Znt1 in transplacental transporting maternal zinc into the embryonic environment (Andrews et al. 2004) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Table 1 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 humans have much lower levels of BCRP and PEPT2 than rats (Hilgendorf et al., 2007) and mice in kidney.
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Abcg5/g8 (Abcg5/g8) KO Mrp4 (Abcc4) KO Oatp1c1 (Slco1c1) None Asbt (Slc10a2) KO Mrp5 (Abcc5) KO Oatp4c1 (Slco4c1) None Atp7b (Atp7b) MU Mrp6 (Abcc6) KO Oatp6b1 (Slco6b1) None Atp8b1 (Atp8b1) KO Mrp9 (Abcc12) None Oatp6c1 (Slco6c1) None Bcrp (Abcg2) KO Npc1L1 (Npc1l1) KO Oatp6d1 (Slco6d1) None Bsep (Abcb11) KO Npt2 (Slc34a1) KO Oct1 (Slc22a1) KO Cnt1 (Slc28a1) None Ntcp (Slc10a1) None Oct2 (Slc22a2) KO Cnt2 (Slc28a2) None Oat1 (Slc22a6) KO Octn1 (Slc22a4) None Dmt1 (Slc11a2) MU Oat2 (Slc22a7) None Octn2 (Slc22a5) KO Ent1 (Slc29a1) KO Oat3 (Slc22a8) KO Octn3 (Slc22a9) None Mate1 (Slc47a1) None Oat5 (Slc22a10) None Ost /Ost None Mct8 (Slc16a2) KO Oatp1a1 (Slco1a1) KO * Pept1 (Slc15a1) None
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